Introduction
Cartilage degeneration caused by osteoarthritis (OA) and trauma is of great clinical consequence, given the limited intrinsic healing potential of the cartilaginous tissue. OA is the most common joint disease in world populations. Pain during activities of daily living is a common presenting complaint of individuals with OA and is also associated with a decrease in quality of life for people with OA. Its incidence increases with age, and thus this degenerative disease is a major problem in ageing populations. OA is a multifactorial disease of the joints characterized by gradual loss of articular cartilage. In the recent years, the mechanism of chondrocyte differentiation has come to be well understood owing to the advancement of molecular biology, and researches have rapidly progressed for bioengineering or tissue engineering technique, where it is aimed to regenerate/reconstruct tissues by simulating the process of cell or tissue differentiation during development. Articular cartilage is composed mainly of collagen/proteoglycan (PG) and water. PG accounts for about 7 -10% of cartilage tissues, and aggrecan, which is a member of PG representing macromolecules, plays a key role for mitigation of mechanical stress imposed on the cartilage tissues (Maroudas, 1979) . A fall in PG concentration is one of the first changes in OA with consequent deleterious effects on the mechanical behaviour of cartilaginous tissues (McDevitt & Muir, 1976 , Venn & Maroudas 1977 . Among the components of aggrecan, negatively-charged Glycosaminoglycan (GAG) produces a high osmotic pressure in the cartilage tissue, and water is therefore absorbed in the cartilage tissues. As a result, the collagen networks are inflated, and the cartilage tissues acquire elastic resistance characteristic to cartilage tissues to protect from compression force. Thus, the strength of cartilage tissues strongly depends on the density of aggrecan (Kempson et al., 1970 , Maroudas, 1979 , Maroudas & Bannon 1981 . Therefore, in order to produce cartilage tissues that can tolerate mechanical force of about 10-20 Mpa using the tissue engineering technology, it is necessary to generate sufficient PG (Hodge et al., 1986) . PG/GAG generation depends on the amount of GAG production, the capacity of GAG retention in the tissues, and the concentration of cells . There is now an increasing interest in developing biological methods of cartilage repair for these disorders with attainment of the correct biomechanical properties critical for success (Brittberg et al. 1994 Robert et al. 2003) . The stiffness of cartilaginous tissues is thus strongly dependent on aggrecan content. Therefore, one of the targets of successful repair is thus that GAG concentration of the tissue-engineered construct should approach that of the native cartilage. First of all, it is important to establish the optimum culture conditions for the generation of cartilaginous tissues. In this study, we examined how physiological levels of extracellular osmolality and cell density influence PG accumulation in chondrocytes in a three-dimensional culture system. And also, we evaluated the influence of transforming growth factor-β (TGF-β) and fibroblast growth factor-2 (FGF-2), which are involved on the metabolism of PGs by cartilage cells cultured under low-osmotic conditions.
Changes of the extracellular environment in the articular cartilage with age
Unlike other connective tissues, articular cartilage represents avascular tissue. The chondrocytes may receive nutrients via the vascular system under subchondral bone as well as via the synovial fluid and are supplied by diffusion, helped by the pumping action generated by compression of the articular cartilage or flexion of the elastic cartilage (Brower, et al. 1962 , Mankin 1963 , Maroudas, et al. 1968 , Hodge & McKibbin 1969 , McKibbin & Holdsworth 1966 , O'Hara et al. 1990 ). Nutritional supply to the cartilaginous tissue is affected by the architecture of the vascular system and the porosity in the subchondral bone (Fig.1A) . Nutrients move from the vascular systems under subchondral bone that supply the cartilaginous tissue, through the subchondral bone and the dense matrix of the cartilaginous tissue, to the chondrocytes. Its limits transport of large molecules into and out of the cartilaginous tissue. For small solutes such as glucose, lactate acid, and oxygen, both experimental and modeling studies have shown that solute transport is accomplished mainly by diffusion (Mauck et al. 2003a ), hence, the movement of fluid in and out of the cartilaginous tissue as a result of the diurnal loading pattern has little direct influence on transport. Gradients in the concentration arise depending on the balance between the rate of supply of glucose or oxygen from the blood supply to the cells and the rate of cellular consumption (Stockwell, 1991 , Lee & Urban, 1997 (Wilkins & Hall, 1995 , Gray et al.,1988 , mechanical stress (Gray et al. 1989 , Urban 1994 , 2000 , and various growth factors (Morales & Roberts, 1988 , Luyten et al, 1988 , Morales, 1994 , Van Osch, et al. 1998 , Huck, 2001 ). The cell density of the normal human cartilaginous tissue is 2-4 x 10 6 cells/mL, and the extracellular environment differs markedly from that of other tissues, with an oxygen saturation of 1-6%, pH of 6.8-7.1, and extracellular osmolality of 350-450mOsm. So, the cartilaginous extracellular environment is relatively hypoxic, unlike the case of other tissues. And also, the articular chondrocytes are exposed to a unique osmotic environment, which varies throughout the depth of cartilage, and in response to mechanical loading or pathological conditions. It is said that such a harsh environment suppresses chondrocyte differentiation and maintains the nature characteristic to chondrocytes. Thus, compared to other connective tissues, cartilage grows and repairs more slowly.
The articular cartilage is essential for absorbing shock and maintaining normal joint environment, and, regardless of the cause, degeneration of articular cartilage can result in irreversible osteoarthritis. Osteoarthritis is commonly referred to as wear-and-tear arthritis. There are other parts of joint anatomy, like subchondral bone, that play a significant role in osteoarthritis. Subchondral bone is the layer of bone just below the cartilage. The subchondral bone does not normally provide a barrier to diffusion. In aging and degeneration, however, the subchondral bone tends to calcify by unknown mechanisms and the apparent permeability of this plate decreases with age, as the subchondral bone becomes more sclerotic , Lane, & Villacin, 1980 , Botter et al., 2011 . The consequent fall in supply of nutrients to the chondrocytes inhibits their ability to synthesize and maintain the matrix and even leads to cell death (Kühn, 2004) . In osteoarthritis, subchondral bone becomes thicker than usual (Fig1B). Adult hyaline articular cartilage is progressively mineralized at the junction between cartilage and bone. It is then termed articular calcified cartilage. A mineralization front advances through the base of the hyaline articular cartilage at a rate dependent on cartilage load and shear stress. Intermittent variations in the rate of advance and mineral deposition density of the mineralizing front, lead to multiple "tidemarks" in the articular calcified cartilage. Adult articular calcified cartilage is penetrated by vascular buds, and new bone produced in the vascular space in a process similar to endochondral ossification at the physis. A cement line demarcates articular calcified cartilage from subchondral bone. Vascular channels connect the marrow spaces of trabecular bone with the calcified cartilage layer, thus nourishing the deeper cartilage layers that cannot be nourished by synovial fluid (Duncan, 1987 , Milz & Putz, 1994 . These vascular channels also nourish osteocytes in the subchondral bone plate, unlike osteocytes in trabecular bone, which receive nourishment from marrow tissue. In aging, however, the subchondral bone tends to calcify by unknown mechanisms (Fig.9B ). This tide mark (calcification) acts as a barrier to nutrients transport and is thought to be a major factor in the development of osteoarthritis. Cellular parameters are very important in regulating nutrient levels, with levels of oxygen or pH falling with increases in rates of cell metabolism or cell density. For the chondrocytes to remain viable, the levels of extracellular nutrients and pH must remain above critical values. Because disc cells obtain ATP primarily by glycolysis, glucose is a critical nutrient. The cells start to die within twenty-four hours if glucose concentration falls below 0.2 mM and the efficiency of glucose transport into the cell is likely reduced at this glucose concentration (Windhaber et al., 2003) . The rate of cell death increases when pH levels are acidic. The cell viability is reduced even with adequate glucose at pH 6.0. The osmotic environment of chondrocytes in the articular cartilage changes with loading and pathologic states. The osmolality of the extracellular matrix is regulated by negatively charging the GAG chains of PGs which adjust ionic composition. Particularly, extracellular osmolality is controlled by negatively charged PGs. It is now evident that an increase in the concentration of PGs which control ionic composition causes an increase in the osmolality, and conversely, a decrease in PGs reduces osmolality (Maroudas, 1981) . Maroundas et al. (1975) investigated the osmotic pressures in articular sections extending to the sagittal sections and reported that the osmotic pressure in the articular cartilage is about 370-400 mOsm and were decreased in the degenerated articular cartilage. Thus, it may be said that osmotic pressure gradient disturbance associated with reduced PGs is an important factor contributing to the development of disc degeneration. The results also suggest that standard culture mediums do not provide an appropriate ionic and osmotic environment for chondrocytes.
The physico-chemical environment created and maintained by chondrocytes in turn has a powerful effect on cartilaginous metabolism. However, the supply of nutrients from vascular systems at the subchondral bone to the cartilaginous tissue of osteoarthritis is likely to be affected, causing the extracellular environment to deteriorate and some cells in degenerate cartilage are senescent (Kühn, 2004 ). This environment is often neglected by it can strongly influence matrix turnover or the responses of chondrocytes to growth factors or other external stimuli. Such limitations apply to all avascular tissues including tissue engineered constructs.
Effect of extracellular osmolality on glycosaminoglycan production and cell metabolism with time in culture
The effect of change in extracellular osmotic pressure on the amount of GAG production has not been well understood. It is important to initially know what culture condition provides the optimal environment for generation of articular cartilage. Therefore, we conducted an in vitro study to investigate the effects of change in extracellular osmotic pressure on cartilage cell morphology, GAG production, and cartilage cell metabolism, using the alginate beads system for three-dimensional culture of articular chondrocytes (Negoro, et al., 2008) . Cells were obtained from metacarpal phalangeal joints of 18-24 month bovine. They were cultured for 6 days in alginate beads at 4 million cells/ml in DMEM containing 6% FBS under 21% O 2 , Medium osmolality was altered by NaCl addition over the range 270-570 mOsm and monitored using a freezing point osmometer.
Cell viability
After 2, 4 and 6 days of culture, the chondrocyte viability rate was 90% or higher in all of the 4 osmolality groups (Fig.2) . So, chondrocyte viability was not modified by the difference in extracellular osmolality. However, confocal microscopy showed that the cells were the largest under 270 mOsm and became smaller with increasing osmotic pressure (Fig.3) . Under transmission electron micrographs of chondrocytes, at 370 and 470 mOsm all cells appeared viable, with large nuclei, dotted with chromatin and abundant rough endoplasmic reticulum (Fig.4B, C) . The cells appeared active throughout the beads. In the beads cultured at 270mOsm, however, all cells were swelling with numerous cytoplasmic vacuoles and lipid droplets (Fig.  4A ). Many cells had blebbing and these cells undergoing oncosis were seen. Under 570mOsm, many cells were reduced in size and blebbing was visible in the nuclei (Fig 4D,5A ,5B).
GAG production and cell metabolism
Osmotic environment of cells in cartilage tissues is altered significantly by loading and morbid conditions. The cartilage tissues sustain static load and prolonged cyclical loading all the time Although chondrocytes occupy less than 1% of articular cartilage, they are responsible for maintaining the integrity of the extracellular matrix by balancing macromolecular synthesis with breakdown. The matrix that surrounds them confers a mechanically resilient surface to the articulating bones within joints, and comprises collagens (principally collagen II), other noncollagenous proteins, and proteoglycans. In addition to structural support and absorption of shock offered by the subchondral bone, its small vessels and probably the interstitial bone fluid in osteocyte canaliculi, provide important nutrition to the cartilage. (B) The right schema shows some cartilage erosion, as seen in OA. The number of chondrocytes decreases with aging, but it is unknown whether this decline is caused by apoptosis, or insufficient supply of nutrients from the end plate. Ossification of the subchondral bone (tide mark) occurs with aging and is one of the major causes of cartilaginous degeneration. This leads to deterioration of the extracellular environment in the cartilaginous tissue and causes cellular impairment that is followed by a decline of matrix metabolism, resulting in progression to osteoarthritis. The nutrient supply for cells and the extracellular environment of the cartilaginous tissue have a considerable influence on the outcome of treating osteoarthritis by bioengineering techniques.
and osmolality imbalance occurs in the articular cartilage. To overcome osmotic imbalance and acquire new equilibrium, fluid is exuded from the tissue, and the PG level, cation level, and osmotic pressure are increased as a result. The chondrocytes always sustains high osmotic pressure. When loading is removed the tissue, fluid is slowly absorbed in turn, and the normal osmotic status is recovered. Urban, et al. (1993) incubated chondrocytes isolated from the articular cartilage in commercially-available DMEM solutions set at 250-270 mOsm of osmolality for 2 hours. Their experiment showed that the chondrocytes swelled by about 30-40% in the above osmolality condition and chondrocytes incubated in a medium set at 350-400 mOsm for osmolarity were most close to the size of chondrocytes in the intact tissues and synthesized the highest amount of PG. Hopewell & Urban (2003) investigated the effect of extracellular osmolality on chondrocytes cultured in alginate beads. Their study showed decreased sulphate incorporation rate for the cells incubated at high osmolality for 4 hours, recovery of sulphate incorporation rate for the cells incubated at high osmolality for 24 and 48 hours, and a higher sulphate incorporation rate than the original level for the cells incubated Regenerative Medicine and Tissue Engineeringfurther. Based on these results, they indicated that chondrocytes are sensitive to osmolality and are able to adjust for high osmolality during short time. Bush, et al (2005) . reported a single impact caused temporal and spatial changes to in situ chondrocyte viability with cell shrinkage occurring in the majority of cells. However, chondrocyte shrinkage by raising medium osmolality at the time of impact protected the cells from injury, whereas swollen chondrocytes were markedly more sensitive. These data showed that chondrocyte volume could be an important determinant of the sensitivity and response of in situ chondrocytes to mechanical stress. And also, Erickson, et al (2001) . indicated that osmotic stress causes significant volume change in chondrocytes and may activate an intracellular second messenger signal by inducing transient increases in intracellular calcium ion. Palmer, et al (2001) . measured the aggrecan promoter activity and mRNA levels using bovine monolayer chondrocytes subjected to hyperosmotic loading for different time periods from 1 minute to 24 hours. They concluded the hyper-osmotic loading regulates aggrecan gene expression and cell size in isolated. Thus, mechanical compression of cartilage is associated with a rise in the interstitial osmotic pressure, which can alter cell volume and activate volume recovery pathways. In our study, GAG accumulation was measured using a modified dimethylmethylene blue (DMB) assay. GAG production was largest in the 370mOsm, and the capacity for GAG production and cell metabolism (lactate production) was low under hypo-osmolality and hyper-osmolality, and cell deaths were often observed on electron microscopy. While total GAG in beads/ml of beads volume increased with the duration of culture, it was greatest in the 370 mOsm group and lowest in the 270 mOsm group during culture (Fig.6A) . The total GAG in beads/ml of beads volume was greatest in the 370 mOsm group, being 0.298±0.035 (mean ± SEM) mg/ml at day 6. It was lowest in the 270 mOsm group than in the other osmolality groups, being 0.122±0.019 mg/ml. In the high osmolality group at 570 mOsm, the total GAG in beads/ml of beads volume was greater than that in the 370 and 470 mOsm group after 2 days of culture, while the percentage of increased diminished subsequently until day 6. Similarly the rate of GAG in beads per live cell was the highest in the 370 mOsm group during culture (Fig.6B) . While the total GAG in beads/million cells increased with the duration of culture, it was greatest in the 370 mOsm group and lowest in the 270 mOsm group during up to 6 days of culture. In the high osmolarity group at 570 mOsm, the total GAG in beads/million cells was greater than that in the 270 mOsm group after 2 days of culture, while the percentage of increased diminished subsequently until day 6. The cell cultured at 370 and 470 mOsm were thus more active and accumulated significantly more GAG than cells cultured at 270 and 570 mOsm with time. In this study, the cells incubated at 370 mOsm produced the greater amount of GAG, and the cells incubated at high osmolality for 2 days showed a similar trend for GAG production to the results of Hopewell's experiment (2003) using isolated articular cartilage.
However, the cells incubated further for 6 days produced a lower amount of GAG in the condition of high osmolarity and showed the profile of cell death (apoptosis) under electron microscope. Thus, this study indicates that chondrocytes is unable to adjust for such nonphysiological conditions lasting for a long time and this phenomenon plays a critical role in the development of cartilage degeneration and resultant OA.
The lactate production was measured enzymatically and the rate of sulphate GAG synthesis was measured using a standard 35 S-sulphate radioactive method. Fig.7A shows the effect of extracellular osmolalities on lactate production by chondrocytes, a marker for total energy production. The rate of lactate production per live cell significantly decreased with time in culture. Lactate production was significantly decreased in hypo-osmolality (270 mOsm) group compared with the other groups. Thus, cell metabolism was decreased with the duration of culture, but metabolic hypofunction persisted under hypo-osmolality. Similarly the rate of sulphate incorporation per live cell was the highest in the 370 mOsm group during culture, and was decreased with an increase in extracellular osmolality (Fig. 7B) . It was the lowest in In this study, the chondrocytes produced the highest amount of GAG in the osmolality condition of 370 mOsm after 2 and 6 days of culture. The amount of GAG production was obviously lower in the low osmolality cultures than in the culture at the optimal osmolarity close to that in the normal cartilage. On electron microscopy of chondrocytes cultured under varying levels of osmolality, cells under 370 mOsm generally showed normal nuclei and cytoplasm, while cells under hypo-osmolality presented oncotic changes, with cellular swelling and destructed organelles of the cytoplasm. On the other hand, cells cultured under hyper-osmolality were reduced in size and some cells underwent apoptosis. Manjo & Joris (1995) reported oncosis is a form of cell death accompanied by cellular swelling, organelle swelling, blebbing, and increase membrane permeability. They also showed that necrosis can occur after both forms (oncosis and apoptosis) of cell death. Therefore, its mechanism is based on failure of the ionic pumps of the plasma membrane induced by the changes of extracellular osmotic environment. Thus, our physiological and morphological study showed the articular chondrocytes is unable to adjust for such non-physiological conditions lasting for a long time and this phenomenon plays a critical role in the development of cartilage degeneration and resultant OA.
The osmotic pressure in the cartilage tissues is obviously higher than the plasma osmolarity (about 280 mOsm), and chondrocytes exist in the extracellular environment different from that of other tissues. This study indicated that adjustment of osmolality is very important for the culture of chondrocytes. At cell densities found in vivo (standard conditions) in the cartilage tissue viz, 4 million cells/ml and GAG concentration in beads cultures was 0.298 mg/ml at 370 mOsm in 6 days. Assuming that the initial production rate is maintained and that there is no loss of GAG, it is calculated that > 1000 days of culture is necessary to produce a GAG concentration equal to the in vivo GAG concentration of 7% per wet weight (viz. 70 mg/ml). That is, it is suggested that chondrocytes need to be cultivated at the cell density of 4 x 106 cells/ml for more than 1 year in order to construct cartilage tissue in the GAG concentration of about 70 -100 mgs/ml, which is equal to the GAG concentration in the normal cartilage tissues, using cell culture technology.
Effect of growth factor on glycosaminoglycan production in articular chondrocytes
Growth factors, such as transforming growth factor-β (TGF-β) and fibroblast growth factor-2 (FGF-2), have demonstrated a great potential as cartilage anabolic factors because of their ability to induce matrix synthesis and promote repair in cartilage. TGF-β is one of the anabolic factors involved in cartilage maintenance and appears to be a good candidate for cartilage repair. TGF-β is a stimulator of extracellular matrix production, like collagen type II and proteoglycan (PG), in chondrocytes and it downregulates matrix-degrading enzymes (Edwards, et al. 1987 ). High amounts of TGF-β are stored in healthy cartilage (Pedrozo, et al. 1998 , Redini F, et al. 1997 , Morales, et al. 1991a ,b, Burton-Wurster & Lust,1990), whereas in OA cartilage the expression of TGF-β is reduced (Verdier et al. 2003) . FGF-2 belongs to the family of heparin-binding growth factors (Gospodarowicz, et al. 1987 ).This proteins are known to induce chemotactic, angiogenic, and mitogenic activity, and play an important role in early differentiation and development (Powers et al., 2000, Burgess & Maciag, 1989) . Cell expansion in the presence of FGF-2 was shown to promote differentiation of stromal cells into cartilaginous tissues (Martin, et al. 1998 ). Similary, FGF-2 was shown to retain the chondrogenic differentiation potential of extensively expanded stromal cells (Tsutsumi, et al. 2001 ). Like wise, pellet cultures established from FGF-2 treated human mesenchymal stem cells were larger in size and contained a higher level of proteoglycans than untreated cells (Solchaga, et al. 2005 ). Martin et al. (1999a Martin et al. ( , 2001 showed that the FGF-2 treatment increased cell number during monolayer expansion and the differentiation capacity of expanded chondrocytes in subsequent 3-dimensional culture.
The most important problems in cartilage regeneration medicine are to supply nutrients to cells activated by grafting or growth factors and to maintain a healthy extracellular environment. However, it has been shown that the extracellular osmotic pressure decreases with cartilage degeneration in candidates for treatment. In this study, cells were isolated from the cartilage from metacarpal phalangeal joints of 18-24 month bovine. Alginate beads containing cartilage cells collected from adult bovine (4 million cells/ml) were prepared. Three-dimensional culture was done for 5 days under a low osmotic condition (270 mOsm) as seen osteoarthritis or a normal osmotic condition like that of healthy cartilage (370 mOsm). Transforming growth factor-β (TGF-β) and fibroblast growth factor-2 (FGF-2) were added every day. GAG production was assessed by the dimethylmethylene blue (DMB) assay after 5 days. Fig. 8 shows the effect of osmorality and growth factor on the amount of GAG accumulated with time in culture. Significantly more GAG was accumulated by cells cultured at 370 Osm than low osmoralities (270 mOsm). The cells cultured with the growth factors (TGF-β or FGF-2) were more active and accumulated significantly more GAG accumulated than cells cultured without the growth factors. However, GAG accumulated was significantly lower for cells cultured at 270 mOsm than those at 370 mOsm. Thus, the clinical application of cartilage regeneration medicine needs to be advanced by providing appropriate physiological conditions with consideration of age-related cartilaginous changes.
The interrelationships between cell density, cell viability and activity, and diffusion distance resulting from nutrient supply constraints, limit the rate at which GAG can be accumulated in three-dimensional constructs. GAG accumulation depends on GAG production per cell and on cell density. GAG accumulation thus appears necessarily slow, and the general finding that cultures of >7 months are required to achieve concentrations of GAG similar to those seen in vivo may not be easily overcome (Kellner et al. 2002 , Roughley, 2004 ). An increase in GAG production rate per cell can be induced by addition of growth factors, but the relative increase which can be achieved is limited (usually two-threefold under optimal conditions) and the consequent increase in metabolic demand can lead to a fall in pH in the construct center and thus severely limit growth factor efficacy. In this study, addition of TGF-β, and FGF-2 to constructs was found to have big effect on the concentration of accumulated GAG under low osmoralities. Thus, increasing cell metabolism potentially should increase GAG deposition, but leads to a more nutrients demands.
Effect of cell density on the rate of glycosaminoglycan accumulation by chondrocytes
Glycosaminoglycan (GAG) accumulation in constructs is dependent on the rate of GAG production per cell and on the cell density. It seems intuitive, therefore, that increasing cell density should increase rate of GAG deposition, as indeed has been shown in several studies (Almarza & GAG accumulation in the construct does not increase in proportion to cell density and, indeed, GAG production per cell appears to fall at high cell densities.
We used alginate gels in the form of beads as a model system (Fig.9 ). Cells were isolated from bovine metacarpal phalangeal joints. They were cultured in alginate beads in DMEM containing 6% FBS under 21% O 2 at cell densities from 1-33 million cells/ml. The amount of GAG accumulated in a typical culture of bovine articular chondrocytes increased with time in culture. After 7 days a bimodal response was evident with the concentration of GAG accumulated rising as cell density was increased from 1-10.4 million cells/ml and then falling gradually as cell density was further increased (Fig.10A) . However the GAG production per million cells fell as cell density was increased (Fig.10B) .
Next, we mainly examined two initial seeding cell densities viz. 4 million cells/ml (Fig.9A ) and 25 million cells/ml (Fig.9B) ; these represent cell densities often used in alginate beads and found in vivo in the cell density in adult cartilage from the bovine metacarpal-phalangeal joint. Significantly more GAG was accumulated by cells cultured at high (25 million cells/ml) than low (4 million cells/ml) densities and in agreement with results shown in Fig.11 , GAG accumulated also increased with time in culture. At 4 million cells/ml, the concentration of GAG in the bead reached 520.9 ± 62.4μg/ml in 5 days. These concentrations could be increased to 1297.2 ± 115.2 μg/ml by raising cell density to 25 million cells/ml (Fig.11A) . The increase in amount of GAG accumulated was not directly proportional to increase in cell density; although the beads at high cell density contained more than 6 times as many cells as those at low cell density, they only produced only 2-3 times as much total GAG. After 5 days culture at 4 million cells/ml, GAG accumulation per cell was 166.3 ± 38.9μg GAG/million cells (Fig.11B) . These amounts fell to 70.9 ± 23.9 μg/million cells when cell density was increased to 25 million cells/ ml. Thus, cells cultured at low density were more active and accumulated significantly more GAG per cell than cells cultured at high density. Evidence of greater cellular activity for cells cultured at low cell density was also seen from measurements of lactate production per live cell; lactate production was significantly higher for cells cultured at low density than for those Figure 10 . Typical results showing effect of cell density on GAG deposition (A) and on GAG accumulation per million cells (B) by articular chondrocytes. Cells were isolated, encapsulated in alginate beads at cell densities ranging from 1 to 33 million cells/ml. Beads were cultured for 7 days at 5 wells/bead in 2 ml medium, 2 wells for each cell density and cultured for 7 days in DMEM containing 6% serum. Beads were then dissociated for cell counting and assay of total GAGs. Figure 11 . Effect of cell density on GAG concentration (A) and GAG accumulation per million cells (B) by articular chondrocytes after 2 days and 5 days in culture. Cells were encapsulated in alginate beads, cultured in DMEM with 6% serum under air and GAG concentration and cell density measured after 2 and 5 days culture. These figures give pooled data for the two representative cell densities from 3 separate experiments. Values are mean ± standard error. *, : Significant difference (P<0.05) between the high cell density (25 million cells/ml) and the low cell density (4 million cells/ml) using non-paired t test.
Importance of
cultured at high density (Fig 12A) . Lactate production also decreased with time in culture, more rapidly at high than at low cell densities. The rate of sulphate incorporation per live cell was also greater at low than at high cell densities (Fig.12B ), though the difference was less marked than that seen in Fig.12A ; sulphate incorporation fell more steeply than lactate production with time in culture.
The change in percentage of live and dead cells with time in culture at the periphery and centre of beads is shown in Fig.13 for cells cultured at low (4 million cells/ml) and high cell densities (25 million cells/ml), respectively. For cells cultured at 4 million cells/ml, 100% of the cells were viable at the both the periphery (Fig 13A) and in the centre (Fig 13B) . It can be seen that by day 2 of culture at high cell densities, while almost all the cells at the periphery were alive (Fig.  13C,E) , 30 percent of the cells in the bead centre were dead (Fig.13D,E) . Similar percentages were dead at day 5 of culture, suggesting the profile of viable cells across the bead was established early in culture.
From sections of beads cultured for 5 days at 4 and 25 million cells/ml and then stained with safranine O to visualise the sulphated GAGs accumulated (Fig.14A-D) , there was a noticeable difference between staining at the bead periphery (Fig.14A,C) and the bead centre (Fig.  14B,D) . From densitometric measurements, GAG accumulated at centre of beads cultured at 25 million cells per ml was only 60-70% of that accumulated at the periphery (Fig.14E) . Less staining was seen in beads cultured at 4 million cells per ml as seen also from chemical , tracer sulphate was added to the fresh medium of 3 wells, the beads were cultured in the radioactive solution for 4 hours, the beads dissociated and cell density and sulphate incorporation measured (Fig 3B) . Results are given as means ± s.e.m ofanalysis. At this low density however there was no significant profile of GAG accumulation across the bead, with the amount accumulated in the centre similar to that accumulated at the periphery.
At low cell density, transmission electron micrographs indicated that all cells appeared viable and active (Fig.15A) . Chondrocytes cultured at high cell density appeared viable at the bead periphery (Fig.15B ). However cells undergoing apoptosis were seen in the centre; the cells and nuclei were reduced in size and chromatin condensation was visible in the nuclei (Fig.  15C,D) . These results are in agreement with those of others who have found regions of cell death in the center of constructs or even of microsphere aggregates (Martin et al., 1999b , Mercier et al., 2004 , Obradovic et al., 1999 , and that glycosaminoglycan accumulation may highest at the construct peripheries. In addition, others have also found that increasing cell density or cell number does not necessarily increase matrix accumulation (Mercier et al., 2004 ).
These avascular constructs, unless experimentally perfused, rely on diffusion for supply of nutrients to the cells (Obradovic et al., 2000) simulating the condition seen in cartilaginous tissue. In avascular tissues and in constructs, there are steep gradients of oxygen and other nutrients between the surface and center of the tissue or constructs (Kellner et al., 2002 , Malda . Thus, in any particular construct or tissue, an increase in cell density will lead to a corresponding fall in the concentration of nutrients such as oxygen and glucose, and an increase of metabolic by-products such as lactic acid (Zhou et al., 2004) , leading, once cell density has risen sufficiently, to a fall in rates of cell metabolism and glycosaminoglycan synthesis (Gray et al., 1988 , Ysart & Mason, 1994 . If cell density is sufficiently great, oxygen and glucose concentrations and pH levels can fall to levels which can no longer sustain viable cells (Horner & Urban, 2001) leading to the necrotic region in the construct center. Diffusional nutrient transport is thus a limitation on the number of viable and active cells which can be maintained in any construct or tissue; indeed, viable cell density is inversely related to diffusion distance both in disc and in constructs (Horner & Urban, 2001 , Stockwell, 1971 ).
Physical limitations to biological repair and tissue engineering
The interrelationships between cell density, cell viability and activity, and diffusion distance resulting from nutrient supply constraints, limit the rate at which GAG can be accumulated in three-dimensional constructs. GAG accumulation depends on GAG production per cell and on cell density. At low cell densities, cells may be functioning optimally but the low cell density limits the rate of GAG accumulation. At high cell densities, more GAG is deposited at least initially, but nutrient gradients particularly in the center of constructs, reduce the rate of GAG deposition per cell and may even lead to a fall in cell number if cells die. GAG accumulation thus appears necessarily slow, and the general finding that cultures of >7 months are required to achieve concentrations of GAG similar to those seen in vivo may not be easily overcome (Kellner et al., 2002 , Roughley, 2004 Transforming growth factor-β (TGF-β) (Morales, et al. 1988 (Morales, et al. , 1991a Goodrich, et al. 2007 ) and fibroblastic growth factor (FGF) (Martin, et al. 1999a , Maehara, et al. 2010 , to constructs was found to have little effect on the concentration of accumulated GAG although it increased construct size. In addition, GAG production rates appear to fall with time in culture in many different systems also limiting GAG accumulation (Mercier et al., 2004) . Increasing cell density potentially should increase GAG deposition, but leads to a lower activity per cell, and also, in general, has not been found to increase GAG deposition rates (Panossian et al., 2001). It should also be noted that tissue in vivo cannot support too high a cell density, so in vitro culture of constructs at high cell density could lead to cell death after implantation.
Culture conditions such as stirring or perfusion (Freyria et al., 2000, Seidel et al., 2004) appear able to overcome diffusive transport initially, but as GAG concentrations rise and the hydraulic permeability of the construct falls, convective transport also is reduced and rates of GAG deposition slow. GAG concentrations were reported to reach 5% by wet weight within 2 months but took a further 5 months to increase to 7% GAG. In view of the long culture times which appear necessary to achieve the required GAG composition in vitro, achievement of in vivo concentration before implantation of a construct may be an unrealistic and possibly unnecessary goal for tissue engineered disc. It has been suggested that about 2-3 fold amount of GAG can be produced using anabolic growth factors. Even if such growth factors are used, more than 100 days of culture is thought to be necessary. Furthermore, it has been reported that turnover of GAG in the cartilage tissue takes about 2 -3 years (Maroudas, 1975) . So, GAG is slowly synthesized in the biological condition, and a long time is necessary to construct articular cartilage with adequate mechanical strength even if cells are maintained in active status by three-dimensional culture. Anabolic growth factors were obvious tools to enhance cartilage repair. Recently, Carragee et al (2011) . reported that the bone morphogenic protein-2 (BMP-2) has cancer risk associated with the use of BMP-2 in spinal fusion surgery. In the future, orthopaedic surgeons must exercise caution to use the anabolic growth factors in clinics.
At present, the target diseases of treatment utilizing bioengineering (tissue engineering) such as chondrocytes implantation are local lesions such as traumatic cartilage defect and osteochondritis dissecans (Bittberg, 1999 , Minas, 2001 , Ochi, et al. 2002 , Robert, et al. 2003 (Fig.  16A ). For regeneration of extensive degenerated cartilage in OA, it is necessary to secure a large amount of chondrocytes for implantation. If a large graft is implanted, a nutritional problem may occur as explained above. In addition, the subchondral bone needs to be healthy to obtain the normal function of articular cartilage such as dispersion of load. But, lesion of OA is not localized in the cartilage layer but involves the subchondral bone (e.g., osteosclerosis) (Fig.16B) . The osteosclerosis which is the subchondral bone, covers the bone-cartilage junction with age and looks to close the nutritional route through these vascular system (Trueta, 1963 , Havelka, et al. 1984 . Therefore, even if regeneration of cartilage is achieved by means of hyaline cartilage, the regenerated cartilage may sustain overload and may be degenerated again unless the mechanical environment is modified together. Cellular repair using autologous chondrocyte transplantation appears successful even though chondrocytes are implanted with no matrix at all. Under these conditions, remodeling in vivo appears to produce a cartilage-type matrix under some conditions. Tissue engineered composites implanted with low GAG appeared to accumulate GAG in vivo, withstand physiological loading, and remodel towards a hyaline-type matrix. Perhaps optimization of such processes is a more useful goal.
Conclusions
There is increasing interest in the using biological methods to repair osteoarthritis. Biological repair depends on the articular cartilage maintaining a population of viable and active cells. Adequate nutrition of the cartilaginous tissue influences the outcome of such therapies and, hence, must be considered to be a crucial parameter. Therefore, it is very important to maintain an appropriate physicochemical environment to achieve successful cartilage repair by biological methods and tissue engineering procedures.
